Abstract. In mammals, the most significant maternal effect on offspring growth during lactation is the ability of females to efficiently transfer milk energy to their neonates. However, despite the importance of the transfer of milk energy to both maternal and offspring fitness, nothing is known about the extent to which variation among females may be attributed to differences in individual quality or environmental variation in natural populations. We measured repeatability over multiple lactation periods in components of lactation performance in free-ranging, multiparous gray seal (Halichoerus grypus) females to examine to what extent variation among females in pup weaning mass may be attributed to inherent differences in their physiological capacity to deliver milk energy. Levels of repeatability were high for milk composition (r ¼ 0.38-0.50), daily milk output (r ¼ 0.46), and the duration of lactation (r ¼ 0.57), demonstrating that there are consistent differences among females in these characters across lactations and that the overall capacity of gray seal females to deliver milk energy to their pups is characteristic of individuals. The repeatability in pup weaning mass (r ¼ 0.48) was consistent with the values for the components of total milk energy output and suggests that, over a large proportion of their reproductive life, individual gray seal females will consistently wean pups with greater or lesser probabilities of survival. Our results suggest that inherent differences among females in their physiological capacity to deliver milk energy may be an important component of variation in individual quality and, thus, lifetime reproductive success in mammals. High levels of repeatability also suggest that components of milk energy transfer may have a significant heritable genetic basis.
INTRODUCTION
Maternal effects occur when the phenotype of the mother affects the phenotype of her offspring in addition to the direct effects of the genes contributed by her. These effects are of interest to ecologists because of their potential to influence the evolutionary dynamics of populations (Ra¨sa¨nen and Kruuk 2007) . Maternal effects are experienced by offspring as environmental effects and can represent the most important component of an individual's environment during development (Mousseau and Fox 1998) . Therefore, variation among females in the quality of the environments they provide can have important consequences for variation in offspring phenotypes and, in turn, for variation in both maternal and offspring fitness. Identifying the sources of variation in maternal effects among individuals is necessary to understand the conditions under which maternal effects influence both population dynamics and the evolution of life history characters (CluttonBrock 1988, Ra¨sa¨nen and Kruuk 2007) .
In mammals, both offspring growth rate during lactation and the mass of offspring at weaning have a significant impact on their subsequent survival, growth, and reproductive success (e.g., Wauters et al. 1993 , Hall et al. 2001 ). The most significant maternal effect on offspring growth during the lactation period is the ability of females to efficiently transfer milk energy to their neonates. Lactation is the most energetically demanding period in the life of a female mammal (Rogowitz 1996) . Females offset these demands by increasing energy intake and/or mobilizing body energy stores and, as a result, it is frequently assumed that variation among females in milk production and, thus, in offspring growth is largely a function of variation in energy acquisition prior to and/or during the lactation period. However, studies on domesticated cattle, sheep, and goats suggest that individual females may vary in their physiological capacity to deliver milk energy to their offspring independent of variation in factors such as resource availability, levels of body energy stores, or body size. In these species both milk composition and daily milk output are characteristic of individual females as a consequence of significant levels of heritable genetic variation (e.g., Analla et al. 1996 , Sanna et al. 1997 , Van Tassell et al. 1999 . In turn, 3 E-mail: shelley.lang@dal.ca genetic differences in milk production explain a significant proportion of observed variation among females in the weaning mass of their offspring (e.g., Montaño-Bermudez and Nielsen 1990, Meyer et al. 1994) . Although average milk composition and milk output during lactation have been characterized in many wild species (e.g., Oftedal and Iverson 1995) , only a few studies have examined variation among individual females in one or both of these components (Stern et al. 1997 , Mellish et al. 1999 , Crocker et al. 2001 , Gjøstein et al. 2004 , Lang et al. 2005 , Power et al. 2008 , and no study has examined whether milk composition or the rate of milk production may vary across lactation periods within individual females in natural populations. We studied variation in components of milk energy transfer across lactation periods within individual gray seal females (Halichoerus grypus). Lactation energetics in this species have been well studied (Iverson et al. 1993 , Mellish et al. 1999 , and the relationship between milk energy transfer, weaning mass, and the subsequent survival of offspring is known. Like other large-bodied phocid seals (Family Phocidae), gray seal females are capital breeders, supporting all of the energetic costs of lactation from the body energy reserves acquired prior to parturition (see Plate 1). Females give birth to a single pup each year beginning at age 4-5 years, and some will continue to reproduce to age 30 or more (Bowen et al. 2006) . Pups consume only milk during the lactation period and all maternal care ends at weaning. At the end of a 16-18 day lactation period (Bowen et al. 1992b ) females abruptly wean their pups and depart the colony. Pups then rely on the energy stores deposited during the suckling period to survive a 3-4 week post-weaning fast before going to sea to forage for the first time (Noren et al. 2008) . Total milk energy intake, which is a product of milk energy content, daily milk output, and the duration of lactation, is the strongest predictor of pup weaning mass and condition in gray seals, accounting for 88% of observed variation among females (Mellish et al. 1999) . In turn, weaning mass and condition affect postweaning survival with larger, fatter pups having a greater probability of surviving to one year of age (Hall et al. 2001 ). Maternal energy stores at parturition play an important role in total milk energy transfer in this species; however, a substantial proportion of the variation in total milk energy output observed among females cannot be explained by variation in maternal postpartum mass (37%) or levels of body protein or fat stores (43% and 72%, respectively; Mellish et al. 1999) , suggesting that individual females vary in their physiological capacity to deliver milk energy to their offspring.
We studied individual, multiparous gray seal females over multiple lactation periods to test the hypothesis that variation among females in offspring weaning mass is a consequence of inherent variation in their physiological capacity to deliver milk energy. To do this we measured the repeatability of milk composition, daily milk output, lactation length, and maternal postpartum mass. Repeatability measures the proportion of phenotypic variation in a trait that is attributable to either genetic or permanent environmental effects among individuals. Therefore, it quantifies the extent to which a trait is characteristic of individuals and can provide an upper bound to heritability (Falconer and Mackay 1996, Dohm 2002 ).
MATERIALS AND METHODS

Field procedures
Our study was conducted on Sable Island (43855 0 N, 60800 0 W), located ;300 km east southeast of Halifax, Nova Scotia, Canada, during the 1999 through 2004 breeding seasons (December-January). The number of pups born on Sable Island has been increasing since the early 1960s, and during the years of the study pup production increased at a rate of ;7% per year with an estimated 41 500 pups born in 2004 (Bowen et al. 2003 (Bowen et al. , 2007 .
Study females were a subset of those that were permanently marked between 1963 and 1989 with individually unique, hot-iron brands shortly after weaning and, thus, were of known age. In January of 1999, we selected 23 multiparous females with known parturition dates, covering the full age range (10-36 yr) of marked females in the population. Females and their pups were sampled on day 3 postpartum (early lactation) and again on day 12 postpartum (peak lactation). Day 3 postpartum was selected to allow the female-pup bond to develop and, thereby, minimize the risk of abandonment as a result of handling. Day 12 postpartum was selected as being representative of peak milk energy composition and output (Iverson et al. 1993) . To the extent possible, all returning females initially sampled in 1999 were studied during successive lactation periods in 2000 through 2004. The presence of a study female in the colony was determined during daily surveys throughout the colony and/or during weekly whole-island censuses of all branded individuals as described in Bowen et al. (2006) . In cases where returning females were not located on the day of parturition, birth date was estimated for recently born pups based on an assessment of pup age derived from pelage/morphology stage classes (Bowen et al. 2003) .
Adult females were captured using a hinged pole net. Following capture, females and pups were weighed to the nearest 0.5 kg. Females were then mildly sedated with an intravenous injection of diazepam (25 mg; Sandoz Canada, Boucherville, Quebec, Canada) and given an intramuscular injection of oxytocin (1.5 mL at 20 IU/mL; Ve´toquinol Canada, Lavaltrie, Quebec, Canada) to facilitate milk letdown. A milk sample (;60 mL) was then collected by suction. Milk samples were stored in 30-mL Nalgene bottles at À208C until analysis for proximate composition. Prior to release on day 3 postpartum, pups were given an individually numbered hind-flipper tag (Rototag, Dalton Supplies Limited, Henley on Thames, UK) to permit post-weaning identification. Pairs were sighted daily throughout lactation to ensure that the female and pup were still together and to obtain an accurate date of weaning. On the day of weaning, which is marked by the departure of the female, pups were weighed to the nearest 0.5 kg.
Severe weather conditions and the demands of concurrent sampling resulted in some early lactation samples being taken on day 4 postpartum (n ¼ 3), and some late lactation samples being taken on day 10 (n ¼ 2), day 11 (n ¼ 2) or day 13 (n ¼ 6) postpartum. On three occasions study females could not be sampled during early lactation and samples were obtained at day 12 postpartum only. Three females weaned prior to the second sampling. We were only able to obtain milk samples in late lactation during one season for female 450 and, therefore, she was excluded from analyses of milk composition, average milk energy, and daily milk output (see Materials and methods: Data analysis).
All sampling protocols were conducted in accordance with the requirements of the Canadian Council on Animal Care and were approved by Dalhousie University's Committee on Laboratory Animals and by the Department of Fisheries and Oceans Animal Care Committee.
Sample analysis
Milk samples were analyzed for fat (Roese-Gottlieb, AOAC 2000a), protein (macro-Kjeldahl, AOAC 2000b), and dry matter content (as described in Iverson et al. 1993) . Milk samples were not analyzed for carbohydrate content as it has been previously demonstrated that this is a very minor component of phocid seal milks (Oftedal and Iverson 1995) , as was confirmed by the low residuals from the sum of fat and protein compared to dry matter.
Data analysis
We estimated average milk energy and daily milk output between early and peak lactation for each female. In gray seals, milk fat content increases from parturition until reaching peak values at approximately day 8 postpartum and then remains relatively stable over the remainder of lactation (Iverson et al. 1993) . Therefore, we calculated a weighted harmonic mean for a female's percentage milk fat by assuming a linear increase in milk fat content from initial sampling to day 8 postpartum, followed by a stable milk fat content through to the second sampling. The proportion of the measurement period spent in each phase was the weighting factor. Milk protein content remains relatively constant throughout lactation in gray seals (Iverson et al. 1993 ) and, therefore, we calculated an average of the early and peak lactation values. The average milk energy content (MJ/kg) was then calculated using the values of 39.3 MJ/kg and 23.6 MJ/kg for fat and protein, respectively (Blaxter 1989) .
Given the high concentration of fat in gray seal milk and its greater energetic value relative to protein, variation in milk fat content both among and within females will have a significant impact on the observed repeatability for milk energy. Because it was not possible to obtain milk samples at the same time point of early lactation in successive lactations, the use of early milk fat values to calculate milk energy may increase the within-female variation in our estimates. However, because the rate of change in milk fat content over early lactation is known to differ among gray seal females (Mellish et al. 1999) , the use of peak values alone would ignore a known source of variation among females and would overestimate milk energy and, potentially, repeatability for the sampling period. Therefore we used both early and peak milk fat contents in our analyses.
For each female, daily milk energy output (MEO, MJ/d) was estimated from her pup's mass gain (PMG, kg/d) between early and peak lactation, based on the regression equation for gray seals from Iverson et al. (Iverson et al. 1993 ;
Daily milk output (kg/d) was then estimated by dividing the daily milk energy output by the average milk energy content of each female.
Variance components derived from linear mixedeffects (LME) models with female identity as a random effect were used to calculate repeatability (intraclasscorrelation coefficient) following West et al. (2007) . Repeatability was estimated for milk fat and protein contents at peak lactation only as both components are stable during this period. Percentage values were arcsine transformed prior to analysis. Female age, both as linear and quadratic function, was entered as a covariate in all models. Although maternal postpartum mass is known to influence the duration of lactation in gray seals, it is not a factor in milk composition or daily milk output (Mellish et al. 1999) ; therefore day 3 postpartum female mass (as a proxy for maternal postpartum mass; Bowen et al. 2006 ) was entered as a covariate in the LME analyses for lactation length and weaning mass only. Mass loss per day is relatively constant over lactation in gray seals (Mellish et al. 1999) ; therefore, where female mass was obtained on day 4 postpartum, mass was adjusted to day 3 postpartum prior to analysis using the mass loss per day for each individual female for that lactation period. Male pups are, on average, larger than female pups throughout lactation; therefore, pup sex was entered as a covariate into the LME for daily milk output and weaning mass. Pup sex was not entered into the LME for lactation length because previous analyses suggest that the difference in lactation length between male and female pups (,0.5 d; Bowen et al. 2006 ) is unlikely to be biologically significant. LME analyses were conducted in S-Plus version 7.0 (S-Plus 2005). Only females with !2 observations were included in the analyses. Competing models were evaluated on the basis of the lowest second order Akaike information criteria (AIC c ), smallest DAIC c , and highest AIC weights (w; Burnham and Anderson 2002) . Repeatability (r) was calculated from the within-(r 2 ) and among-(r 2 a ) variance components following West et al. (2007) 
). Coefficients of variation (CV) were calculated using the among-female standard deviation and the overall fitted average obtained from the LME models with female identity as a random effect only. Correlation coefficients (q) were obtained using PROC MIXED in SAS (SAS Institute 2003) following the procedure of Hamlett et al. (2004) for the estimation of correlation coefficients in the presence of repeated measures. Standard errors are reported throughout.
RESULTS
There was a 57-kg range in the average day 3 postpartum mass among the females (CV 6.4%, Fig. 1 ). Day 3 postpartum mass varied with age, with support for age as both linear and nonlinear effects; however, the Akaike Notes: Favored models (in bold) were selected on the basis of lowest second-order Akaike's information criteria (AIC c ), lowest DAIC c , and highest Akaike weight (w). For the complete set of models run see the Appendix. For n, the first value is the number of females; the second value is the number of observations included in the models. Variance components are: r weight for age as a nonlinear effect was much larger (Table 1) . Estimated marginal means (averages from the LME model) indicated that the day 3 postpartum mass of females increased between the ages of 10 and 13 years (Fig. 1) . Repeatability for day 3 postpartum mass was high for both models with repeatability highest for the model with age as a nonlinear function (Table 1) .
Milk fat content at peak lactation ranged from an average of 54.3% to 63.4% with an overall average of 60.0% 6 0.49% (CV ¼ 3.3%, Fig. 2 ). Milk protein content at peak lactation ranged from an average of 8.3% to 10.9% with an overall average of 9.0% 6 0.13% (CV ¼ 5.6%, Fig. 2 ). There was no evidence of variation with female age in either milk component (Table 1; for results from all models run see the Appendix). Repeatability for milk fat content at peak lactation was greater than that for milk protein content (Table 1) indicating a greater consistency within females for milk fat content. Variation in average milk energy content among females was low (CV ¼ 2.2%) ranging from 23.1 MJ/kg to 25.2 MJ/kg (overall average, 24.2 6 0.15 MJ/kg; Fig. 3e ). There was no evidence of variation in average milk energy content with female age (Table 1) . Repeatability for average milk energy content was lower than that for either peak milk fat or protein content (Table 1) .
Daily milk output varied substantially among females (CV ¼ 13.5%) with a twofold range in the average values (2.1-4.1 kg/d, overall average, 3.2 6 0.11 kg/d; Fig. 3d ). There was no evidence for variation with maternal age or pup sex. Repeatability for daily milk output was high (Table 1) .
Lactation length also varied substantially among females (CV ¼ 8.6%), ranging from an average of 12.3 d to 21.0 d (overall average, 17.3 6 0.37 d; Fig. 3c ). Lactation length did not vary with female age but did vary with female mass (Table 1) . However, including day 3 postpartum mass as a covariate had a greater effect on the within-group variance than the amonggroup variance, resulting in a higher repeatability for lactation length when day 3 postpartum mass was included in the model (Table 1) . Nevertheless, lactation length was not strongly correlated with day 3 postpartum mass (q ¼ 0.311; n ¼ 23 females, 74 observations) suggesting that variation in female postpartum mass explained only a small proportion of the overall variation in lactation length among females.
Weaning mass exhibited a more than twofold variation among females (CV ¼ 14.7%), ranging from an average of 29.8 kg to 63.0 kg (overall average, 48.4 6 1.60 kg; Fig. 3a) . Weaning mass varied with pup sex, female mass, and female age as a nonlinear effect (Table  1) . The effect for female mass was consistent with the influence of mass on lactation length (Table 1) . However, in contrast to the results for day 3 postpartum mass, where the age effect was attributed to the youngest females, the estimated marginal means for weaning mass by age indicated that the six oldest females in the study had the five smallest average weaning masses (Fig. 3a) . Estimated total milk energy output (calculated as the product of average milk energy, daily milk output, and lactation length) varied nonlinearly with female postpartum mass and age (Table 1) with five of the six oldest females having relatively low outputs (Fig. 3b) . Repeatability for weaning mass was still high after accounting for variation in pup sex, female mass, and female age as a nonlinear function (Table 1) . Weaning mass was positively correlated with milk energy, daily milk output, and lactation length (Table 2 ). Milk energy and daily milk output and milk energy and lactation length were only weakly correlated; there was no relationship between lactation length and daily milk output (Table 2) .
DISCUSSION
To our knowledge, this study represents the first report of repeatability for components of milk energy transfer in a free-ranging mammal. The variation among females observed for individual components (Figs. 1-3 ) was consistent with the variation previously reported for gray seals (Iverson et al. 1993 , Mellish et al. 1999 , Bowen et al. 2006 , indicating that the females studied were representative of the population. Our results indicate high levels of repeatability for milk energy, the rate of milk production, and the duration of lactation demonstrating that the physiological capacity to deliver milk energy to offspring is characteristic of individual females. The high repeatability in offspring weaning mass indicates that these female effects also have important consequences for offspring and, presumably, maternal fitness.
Milk composition and milk energy
Despite substantial variation in the proximate composition of milk among species, the basic mechanisms of synthesis and secretion of milk components are consistent across all mammals studied (Mepham 1983) . Nevertheless, the factors which mediate the relative amounts of products that are produced by the mammary gland remain poorly understood. Nutrient partitioning by the mammary gland appears to be tightly controlled, and milk composition shows little plasticity in response to variation in diet, levels of energy intake, body energy stores, or the suckling demands of offspring (Roberts et al. 1985 , Iverson et al. 1991 , Mellish et al. 1999 , Trott et al. 2003 . The high repeatability for milk fat and protein contents in gray seals (Table 1) suggests that nutrient partitioning by the mammary gland is tightly controlled within individuals and that milk composition (and, thus, milk energy) is characteristic of individual females. Our results also suggest that the substantial individual variation observed in milk composition in other freeranging species (Stern et al. 1997 , Lang et al. 2005 , Power et al. 2008 ) may represent consistent differences among females. The greater repeatability (Table 1) and lower overall variability in milk fat compared to milk protein at peak lactation suggests that milk fat content may be more tightly regulated than milk protein content in gray seals, possibly reflecting the greater importance of fat to the rapid transfer of milk energy in phocid seals and other species with lipid-rich milks.
The repeatability of both milk fat and protein contents at peak lactation were within the range of the estimated repeatability for these components in domesticated species (milk fat, r ¼ 0.33-0.61; milk protein, r ¼ 0.33-0.69) in which significant levels of heritability have been found (milk fat, h 2 ¼ 0.14-0.59; milk protein, h 2 ¼ 0.22-0.55; Analla et al. 1996 , Cappio-Borlino et al. 1997 , Sanna et al. 1997 , Roman et al. 2000 suggesting that, like domestic species, variation among gray seal females in the proximate composition of their milk (and, thus, milk energy) may have a significant heritable genetic basis.
Daily milk output
Studies in both domestic and laboratory species indicate that variation in daily milk output is a function of variation in the number of secretory cells in the mammary gland (mammary gland size) and, to a lesser extent, the activity of those cells (Knight 2000) . The total mass of mammary glands taken from pregnant gray seals (n ¼ 6; W. D. Bowen, unpublished data) and lactating harbor seals (n ¼ 13; Bowen et al. 1992a) suggest that mammary gland size does vary substantially among phocid females (CV ¼ 34% and 14%, respectively) and that this variation is independent of variation in body size. However, it remains to be determined whether variation in mammary gland size alone is sufficient to explain the observed variation in the daily milk output of phocid females (e.g., , Hindell and Slip 1997 , Wheatley et al. 2008 ; see Results), or whether females also differ in the secretory activity of their mammary epithelial cells. Nevertheless, the observed repeatability for daily milk output (Table 1) suggests that mammary gland size and activity are consistent within multiparous females across lactations. Given the consistency in mammary gland structure and function among species (Cowie et al. 1980 , Akers 2002 , our results suggest that the substantial individual variation observed in the rate of milk production in other free-ranging mammals (Stern et al. 1997 , Crocker et al. 2001 , Gjøstein et al. 2004 ) may also represent consistent individual difference among females. As with milk composition, the repeatability for daily milk output was within the range Note: For n, the first value is the number of females; the second value is the number of observations included in the analyses. estimated for domesticated species (r ¼ 0.44-0.50), in which significant levels of heritability have been found (h 2 ¼ 0.30; Sanna et al. 1997 , Van Tassell et al. 1999 ) suggesting that variation among females in daily milk output may also have a significant heritable genetic basis in gray seals.
Lactation length
Because large-bodied fasting phocid seals are capital breeders, the absolute level of body energy stores available at parturition will place a limit on the duration of lactation. Although the specific cue(s) for weaning in phocid seals are unknown, females must, and do (Mellish and Iverson 2001) , terminate lactation before body energy stores become critically depleted. However, variation among gray seal females in body mass at parturition (as a measure of absolute energy stores) explains only some of the observed variation in lactation length (28%; Bowen et al. 2006; see Results) . This is a consequence of two factors. First, females differ substantially in their rate of daily energy expenditure, and this rate is independent of female mass or body composition at parturition (Mellish et al. 1999) . Second, there is considerable variation among females in the proportion of energy stores expended over the course of lactation (44-85%, Mellish et al. 1999 ; 32-65%, S. L. C. Lang, S. J. Iverson, and W. D. Bowen, unpublished data) , which is also independent of female mass or body composition at parturition. Therefore, variation in lactation length, both among and within gray seal females, will depend not only on the variation in the absolute level of body energy stores at parturition, but also on variation in daily energy expenditure and in the proportion of body energy stores expended prior to weaning.
Given the high level of repeatability in day 3 postpartum mass, the observed repeatability in lactation length (Table 1) suggests that both daily energy expenditure and the proportion of energy stores expended over the course of lactation were consistent within females across lactations. This has two implications for the regulation of lactation length in gray seals and, presumably, other large-bodied phocids, which fast throughout lactation. First, it suggests that the proportion of body energy stores used by females may act as a consistent cue for entrance into oestrus and the subsequent termination of lactation. Changes in body energy balance do play a role in the regulation of oestrus in mammals (Wade and Schneider 1992) . Adipose tissue is a highly active endocrine organ that secretes a number of bioactive peptides (adipokines; Guerre-Millo 2004) some of which are secreted in proportion to the levels of body fat and are known to interact with hormones related to the regulation of ovulation (Chanda et al. 2003) . In large-bodied phocid seals the mobilization of body fat accounts for ;90% of maternal energy loss over the course of lactation (Mellish et al. 1999 , Crocker et al. 2001 . Therefore, changes in the levels of body energy stores, particularly fat, have the potential to act as a metabolic signal for triggering oestrus and weaning (see Mellish and Iverson 2005) . If, as our data suggest, the proportion of body energy stores used serves as a consistent cue for weaning, this would place a limit on the duration of lactation within females and, as a result, their ability to transfer available energy to their pups.
Our results also suggest that while variation in parturition mass explains only some of the observed variation in lactation length among females, it will have a substantial effect on variation in lactation length within females (Table 1) . Like many other mammals, gray seal females begin to reproduce before reaching full adult body size with postpartum body mass increasing into the early to middle teens and then remaining relatively constant thereafter (Bowen et al. 2006) . Therefore, lactation length is expected to increase with age in younger females as a result of age-associated changes in body mass (e.g., females K279 and K343; Figs. 1 and 3c). Changes in lactation length within females may also occur in response to changes in environmental conditions, which affect the abundance or distribution of prey and, thus, the ability of females to acquire body energy stores prior to parturition (e.g., Antonelis et al. 2003 , Crocker et al. 2006 , Proffitt et al. 2007 ). During our study, pup production on Sable Island continued to increase, suggesting that environmental conditions were generally favorable (Bowen et al. 2007 ). Longer term studies over more variable environmental conditions may show a greater variation in parturition mass within females and, therefore, a lower level of repeatability in both body mass and lactation length than we observed in the present study. Nevertheless, the evidence for a consistent cue for weaning suggests that individual females will be unable to buffer poor environmental conditions by extending their lactation length.
To what extent the observed repeatability in lactation length may represent heritable genetic variance is uncertain. Because lactation length in gray seals depends not only on variation in the absolute level of body energy stores available at parturition, but also on variation in daily energy expenditure and in the proportion of body energy stores expended prior to weaning, the extent to which lactation length may be heritable will depend on the degree to which additive genetic variance explains variation in each of these traits. Heritable genetic variation for adult body mass has been found in bighorn sheep (Ovis canadensis; e.g., Coltman et al. 2005) ; however, these results represent the only available data for free-ranging large mammals. As with body mass, quantitative genetic studies of metabolism in wild mammals are rare. However, significant levels of heritable genetic variation have been found for mass-specific resting metabolic rates in free-living weasels (Mustela nivalis; Szafran´ska et al. 2007 ) and mass-specific basal metabolic rates in captive-reared bank voles (Clethrionomys glareolus; Sadowska et al. 2005) , suggesting that heritable genetic variation could contribute to differences among gray seal females in the portion of daily energy expenditure that is devoted to maintenance metabolism.
Consequences for pup weaning mass
In large-bodied phocid seals total milk energy output is the most significant predictor of pup weaning mass (Mellish et al. 1999 , Crocker et al. 2001 ). Our results demonstrate that milk energy, daily milk output, and lactation length are all characteristic of individual multiparous gray seal females. Because total milk energy output is a product of these, the overall capacity of females to deliver milk energy to their pups will also be characteristic of individuals (Table 1) . The lack of correlation among milk energy, daily milk output, and lactation length (Table 2) indicates that these traits are independent of one another. This has two important implications for variation among females in total milk energy output. The first is that there is no trade-off among these traits within individuals; females with high levels of daily milk output or high milk energy do not have shorter lactation lengths or vice versa (Fig. 3) . Therefore, while a female's milk energy and daily milk output will influence the time it takes for her to reach the threshold cue for weaning (see Discussion: Lactation length), there is no relationship between the factors which determine a female's threshold cue for weaning and those which determine a female's daily milk output or milk composition. The second implication is that quality in one trait will not be indicative of quality in another; females with above-average daily milk outputs do not necessarily have above-average levels of milk energy or above-average lactation lengths (Fig. 3) . Thus, a gray seal female's overall capacity to deliver milk energy to her pup cannot be inferred from the value for a single component of total milk energy output.
Individual differences in the survival of offspring among females is one of the most important components of variation in lifetime reproductive success (CluttonBrock 1988) . The observed repeatability in pup weaning mass, suggests that the lactation performance of individual gray seal females will be consistent through a large proportion of their reproductive life. From the point at which full adult body size is reached in their early teens until their late 20s or early 30s, individual females will consistently wean pups with greater or lesser probabilities of survival to one year of age (Hall et al. 2001) . Thus, individual gray seal females will vary substantially in their contribution to the next generation.
In large mammals, which offset the costs of lactation either partly or entirely through the mobilization of body energy stores, studies examining variation in lifetime reproductive success (measured as offspring growth or survival to weaning) and its phenotypic determinants have typically focused on variation in maternal body mass or size as an indicator of variation in individual quality (e.g., Festa-Bianchet et al. 1998 , Gaillard et al. 2000 . However, our results suggest that the levels of expenditure by females during lactation may not be determined by body mass or size alone. Although factors influencing lactation length are likely to differ for species with longer lactation lengths and a PLATE 1. Grey seal female nursing her pup at approximately 5 days postpartum on Sable Island, Nova Scotia, Canada. Photo credit: S. L. C. Lang. gradual weaning process, the consistency observed among species in the mechanisms of milk synthesis and secretion and in mammary gland structure (Cowie et al. 1980 , Mepham 1983 , Akers 2002 suggests that differences in both milk energy and the rate of milk production among females may be an important component of variation in individual quality and, thus, lifetime reproductive success.
While repeatability cannot be directly equated with heritability (Falconer and Mackay 1996, Dohm 2002) , our results represent the first evidence that variation among females in their physiological capacity to deliver milk energy to their offspring may have a significant heritable genetic basis in a free-ranging mammal. This suggests that not only is there a potential for levels of maternal expenditure in capital breeding mammals to respond to selection but that traits directly related to the transfer of milk energy may be important components of maternal genetic effects (Wolf et al. 1998 ) on offspring growth.
